We report the connection between the stacking order and magnetic properties of bilayer CrI3 using first-principles calculations. We show that the stacking order uniquely and robustly defines the magnetic ground state. By changing the interlayer stacking order one can tune the interlayer magnetism between antiferromagnetism and ferromagnetism. To measure the predicted stackingdependent magnetism, we propose using linear magnetoelectric effect. Our results not only gives a possible explanation for the observed antiferromagnetism in bilayer CrI3 but also have direct implications in heterostructures made of two-dimensional magnets.
Since the demonstration of intrinsic ferromagnetism (FM) in atomically thin crystals [1, 2] , there has been a lot of interest in two-dimensional (2D) magnets [3] [4] [5] [6] [7] [8] [9] . Among them, CrI 3 presents an intriguing case. While bulk CrI 3 is FM, it becomes a layered antiferromagnet (AFM) when thinned down to a few atomic layers [1] . A number of interesting phenomena associated with this layered antiferromagnetism have been observed, including giant tunneling magnetoresistance when CrI 3 is used as the tunnel barrier [10] [11] [12] , and gate tunable magnetooptical Kerr effect, along with electrostatic doping control of magnetism [13] [14] [15] [16] . However, despite the huge interest, the origin of the AFM interlayer exchange in bilayer CrI 3 remains unclear.
Motivated by the above question, in this Letter we explore the connection between the crystal structure and magnetic properties of bilayer CrI 3 using firstprinciples calculations. We find that the stacking order uniquely defines the magnetic ground state. The coupling of stacking order and magnetism is qualitatively unaffected by atomic relaxation, and therefore, robust. This stacking-dependent magnetism originates from the competition between orbital-dependent interlayer AFM super-superexchange (SSE) and interlayer FM SSE. Thus, by changing the stacking order one can tune the magnetic ground state between AFM and FM. We also propose using linear magnetoelectric (ME) effect to distinguish between the various predicted AFM stacking orders. In addition to providing a possible explanation for the observed AFM in bilayer CrI 3 , our results have a broader impact on other 2D magnets such as CrX 3 (X = Cl, Br, I) [17] [18] [19] [20] and their heterostructures, including magnetic Moiré superlattices.
As our goal is to understand the spin-lattice coupling in bilayer CrI 3 , we begin our discussion with the crystal structure of CrI 3 . Monolayer CrI 3 consists of magnetic Cr ions that form a honeycomb lattice, with each Cr coordinated by six I atoms that form a distorted edge-sharing octahedron. Monolayer CrI 3 has the space group P31m. Bulk CrI 3 has a low-temperature (below 210 K) phase with the space group R3 and a room-temperature phase with space group C2/m [14, 17, 22] . The low-temperature phase has an ABC-Bernal stacking with each layer laterally shifted by [1/3, 2/3] in fractional coordinates with respect to the neighbouring layer [see Fig. 1 (a) ]. The reduction in symmetry for the high-temperature phase is associated with a relative lateral shift of the stacking order, leaving the monolayer units unaffected [22] . This corresponds to a further lateral shift of [1/3, 0] and [2/3, 0] for the B-and C-monolayer units, respectively, with respect to the ABC-stacking [see Fig. 1 (b) ]. Thus, both R3 and C2/m phases have an ABC-stacking sequence. To distinguish the two cases, we refer to the R3 phase as the ABC-stacking sequence, and the C2/m phase as the AB C -stacking sequence. While considering the stacking order in the bilayer, it is, therefore, necessary to consider at least two high-symmetry stacking orders shown in Fig. 1 : (a) AB-stacking (P3) from the low-temperature bulk structure and (b) AB -stacking (C2/m) from the high-temperature bulk structure.
We calculate the total energies using first-principles calculations as implemented in Vienna ab initio simulation package (VASP) [23] , with the PBEsol functional [24] . A Hubbard on-site Coulomb parameter (U ) of 3 eV was chosen for the Cr atoms to account for strong electronic correlations, as suggested by Liechtenstein et al [25] . The computed structural parameters are close to the experimental values for bulk CrI 3 [22] . A vacuum region in excess of 15Å was used for the bilayer. Structural relaxation was done with a force convergence tolerance of 1 meV/Å, in a regular 12 × 12 × 1 Monkhorst-Pack grid with a plane-wave cutoff energy of 450 eV. A stacking-constraint relaxation was performed along the high-symmetry lateral shift directions, relaxing the atomic positions as well as the unit-cell volume. We make use of ISOTROPY software suite to aid with arXiv:1808.06559v1 [cond-mat.mtrl-sci] 20 Aug 2018
(110) , respectively, with respect to the AB-stacking, and is labeled at the bottom of each structure. The crystal structure is drawn using VESTA [21] .
the group-theoretic analysis [26, 27] . We have verified that the results presented are qualitatively independent of the choice of functional [28] . The presented results also are qualitatively unaffected for different choices of U and upon including spin-orbit coupling. -direction corresponds to shifting a monolayer unit along the local Cr-I bond, whereas, a lateral shift along the [110]-direction corresponds to shifting a monolayer unit along the local Cr-Cr bond. Naturally, these two directions are inequivalent. This stacking-dependent energy is predominantly steric in nature and is similar to that of hexagonal boron nitride and graphene along the high-symmetry directions [29] [30] [31] .
We find that while AB-stacking forms the global minimum, AB -stacking has energies comparable to ABstacking and forms a local minimum. A similar result is obtained when the full-relaxed AB -stacking is used as the reference structure. Hence, even though AB-stacking corresponds to the global minimum, it is conceivable that the bilayer exfoliated at room-temperature is kinetically trapped in this AB -stacking order, on cooling. This is consistent with the absence of any experimental report of a structural transition on cooling.
We also calculate the interlayer exchange energy defined as the difference in energy between the FM and layered-AFM spin configurations, for each shifted configuration in Fig. 2(a) . We find that while AB-stacking strongly prefers FM, AB -stacking prefers AFM, albeit, weak [see Fig. 2(b) ], and is at the phase boundary of FM and AFM [32] . The position of AB -stacking in the magnetic phase diagram closer to the FM-AFM boundary would result in a colossal ME effect [33] . This is consistent with both the observed giant ME effect [14, 15] , and the ease with which the magnetism can be changed by electrostatic doping.
Further, Fig. 2(b) shows a strong coupling between the stacking order and the magnetism. Apart from the bulklike stacking orders (AB-stacking and the AB -stacking orders), we identify other magnetically important stacking orders. While AA-stacking and AB-stacking prefers FM, we find that there are other regions which strongly favor AFM. Among those, there are two symmetry inequivalent stacking orders which have the same space group as the bilayer from the room temperature phase (AB -stacking). They are labeled as AC and AB 1 in Fig. 2 . Figure 2 (a) suggests that both AC -and AB 1 -stacking are energetically unfavorable. The crystal structure for AC -, AB 1 -and AA-stacking are shown in Fig. 1 , along with their respective fractional lateral shift.
Are there other interesting stacking orders? To answer this we calculated the stacking energy and the interlayer exchange energy for the full 2D space of lateral shifts, by performing a rigid shift of one CrI 3 layer parallel to the basal plane of the second layer, starting with the fully relaxed AB-stacking. A similar result is obtained when the full-relaxed AB -stacking is used as the refer- Fig. 1 . AB -, AC -and AB 1 -stacking orders come in groups of three as dictated by symmetry. The isosurfaces and the heat-maps in (c) and (d) were drawn by interpolating over the neighboring data points on a 6 × 6 grid. ence structure. We have chosen a 6 × 6 grid to perform the lateral shifts. Figure 2 (c) and (d) shows the stacking energy landscape and the interlayer exchange energy landscape, respectively, for the full space of lateral rigid shifts. AB-stacking still remains the global minimum, with AB -stacking orders having a comparable stacking energy. AB -, AC -and AB 1 -stacking orders come in group of three, as dictated by symmetry [see Fig. 2 (d) ]. The strong coupling between the stacking order and the magnetism is also evident. As all the above-identified structures are included in the line-cuts along the [100]-and [110]-directions, we restrict the discussions to these high-symmetry directions, which are representative of the full lateral stacking configuration space.
So far, we have only considered rigid shifts of one monolayer with respect to the other, using fully relaxed AB-and AB -stacking orders as the reference. Exfoliated thin-films transferred onto a substrate can further relax, retaining the strain and stacking order [34, 35] . Hence, we performed stacking-constraint relaxation along the high-symmetry directions. Figure 3 shows the effect of this on (a) the stacking energy and (b) the interlayer exchange energy for the high-symmetry [100]-(blue dotted line) and [110]-directions (red solid line). The main effect of the relaxation is to reduce the energies of the high stacking energy configurations, without qualitatively af- fecting the overall trends [see Fig. 3(a) ]. The is accompanied by a change in the interlayer distances (see AC and AB 1 in Table I ). The relaxed interlayer distances for AB-stacking and AB -stacking compares well with the bulk experimental interlayer distances [22] . While ABstacking remains a local minimum after the relaxation, the energy barriers surrounding it is reduced. The corresponding effect of the relaxation on the interlayer exchange energies is shown in Fig. 3(b) . Similar to the stacking energies, the interlayer exchange energies are qualitatively unaffected. AB-and AA-stacking prefers FM with AB -, AC -and AB 1 -stacking preferring AFM, just like in Fig. 2(c) . We thus conclude that the stacking order uniquely and robustly defines the magnetism for the above-identified structures. This strong spin-stacking coupling in bilayer CrI 3 provides a new route to tune the magnetic ground state between AFM and FM, and to even engineer colossal ME effect in bilayer CrI 3 .
What is the microscopic origin of this stackingdependent magnetism? Cr atoms in CrI 3 are in a d 3 electronic configuration, and the top of the valence band is made up of a combination of the three t 2g orbitals. Figure 4(a) shows the schematic for the interlayer CrCr nearest-neighbor J 1⊥ (blue) and the second-neighbor J 2⊥ (red), for AB-stacking. This interlayer Cr-Cr exchange interaction is mediated by the hybridization between the I p orbitals, and therefore, SSE in nature [36] . Virtual excitations between Cr half-filled t 2g orbitals, as shown schematically in Fig. 4(c) , induces AFM coupling [37] . In stark contrast, a virtual excitation between the Cr half-filled t 2g orbitals and the empty e g orbitals results in a FM coupling because of the local Hund coupling [38] [39] [40] . This is the case for J 2⊥ in AB-stacking [see Fig. 4(d) ]. AB-stacking has one J 1⊥ bond and sixteen J 2⊥ bonds per unit cell, as listed in Table I . Hence, the second-neighbor FM interlayer superexchange dominates the AFM nearest-neighbor interlayer exchange, making AB-stacking strongly FM [41] .
For each stacking order, the ground state magnetism is determined by the competition between the different orbital-dependent AFM and FM exchange interactions. A lateral shift of one monolayer with respect to the other breaks the interlayer hybridization between I p states and generates new ones. Table 1 summarizes the interlayer bond lengths along with the coordination number for the various stacking orders. The weakening of FM in AAstacking compared to AB-stacking can be explained by the combined effect of the increase in the AFM Cr-Cr nearest-neighbor coordination, along with the decrease in the FM Cr-Cr second-neighbors coordination. On the other hand, for AB -and AC -stacking orders the SSE is dominated by processes involving half-filled t 2g orbitals, [see Fig. 4 (e) for a schematic], and hence, is AFM. This stacking-dependent magnetism mediated by the I octahedrons is not only applicable to bilayer CrI 3 but also for other octahedrally coordinated 2D-magnets, including CrX 3 (X = Cl, Br, I) [17] [18] [19] [20] . Further, our results have important implications in the Moiré physics of 2D-materials [42] [43] [44] . A twisted stacking of bilayers im- mediately results in regions with spatial variations in the local stacking order. For bilayer CrI 3 , the local stacking order defines the length scale of the magnetic Moiré patters [43] . While both AC -and AB 1 -stacking were previously identified as energetically unfavorable [see Fig. 2 ], they form the centers for AFM in the twisted geometry. Similarly, the AB-stacked regions will form the FM centers. Therefore, our results on stacking-dependent magnetism have a direct impact on the Moiré physics of twodimensional magnets. Finally, to experimentally verify the predicted stacking-dependent magnetism, and to characterize the magnetic ground state of bilayer CrI 3 , we propose the following strategy. Since both time-reversal and inversion symmetry (in the presence of spins) are broken in all AFM configurations, a linear magnetoelectric (ME) effect is allowed by symmetry. But, the specific form of the linear ME tensor α ij = ∂M i /∂E j is determined by the crystalline symmetries itself, and therefore, is strongly dependent on the stacking order. Table II lists the symmetry allowed form for the linear magnetoelectric (ME) effect for these different AFM stacking orders. For instance, the form of the linear ME tensor for AB-stacking and AB stacking are very different. While the former allows a toroidal linear ME (α xy ) in addition to a transverse linear ME (α xx ) and longitudinal linear ME (α zz ), the anti-symmetric toroidal term is absent in the latter. Instead, an off-diagonal term, α xz , which is independent of α zx is symmetry allowed. Thus, by doing a systematic measurement of the various components of magnetization produced in response to a gate-voltage, one can distinguish between the various stacking order in bilayer CrI 3 .
In summary, we have shown that magnetism in CrI 3 bilayers is strongly stacking-dependent, and could be changed between FM and AFM by changing the stacking order. This is a general phenomenon that should exist for a broad class of 2D magnets. The sensitive dependence of the magnetic ground state on the local bonding environment suggests great potential for mechanically tuning the magnetism. Note added.-Recently, two related papers [45, 46] have studied the stacking-dependent magnetism in CrI 3 bilayers, but only focused on the AB and AB' stacking.
